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Role of the various types of transitions in three-photon 
absorption in lnAs 

S. B. Arifzhanov, A. M. Danishevski, E. L. Ivchenko, S. F. Kochegarov, and 
V. K. Subashlev 
A. l? Zoffe Phpico-Technical Institute, USSR Academy of Sciences 
(Submitted 13 June 1977) 
Zh. ELsp. Teor. Fiz. 74, 172-177 (January 1978) 

The frequency dependences of the three-photon absorption (TPA) probability and the liearcircular 
dichrokm (LCD) associated with TPA in InAs arc investigated theoretically and experimentally. The role 
of the variow types of tamsitions involved in TPA is analyzed. The obtained experimental data are in 
 tis sf act my agreement with the mults of a calculation performed in the two-band model with allowance 
for both allowed-allowedailowed and allowed-forbidden-forbidden transitions. 

PACS numbers: 71.25.T~ 78.20.Dj 

1. The observation of three-photon absorption (TPA) 
of (2%-laser radiation in indium arsenide is reported in 
Ref. 1. During the study of the polarization character- 
istics of the TPA probability, there was observed-in 
accord with the predictions made in Refs. 2 and 3-a 
large linear-circular dichroism (LCD), A = w?'/w:', 
near the TPA edge (Wta a r e  the TPA probabilities for 
linear and circular polarizations, respectively). The 
theoretical results of Refs. 2 and 3 were obtained in the 
lowest approximation in the parameter q = (3Kw - E,)/Bw 
<< 1 (E, is the forbidden-band width) with allowance for 
only the allowed-allowed-allowed (A-A-A) transitions. 
In the indicated approximation A i s  frequency indepen- 
dent. ~xperiment'l' has, however, shown that a small 
increase in the crystal temperature (299-307 K) leads 
to a sharp decrease in the magnitude of A,. It is nat- 
ural to assume that such a character of the dependence 
A(T) is connected with the temperature variation of 
E,(T) and the strong dependence of the LCD near the 
TPA edge on the excess energy (3Bw -E,). In view of 
this, i t  was of interest to calculate the quantities w?' 
and w:' in the case of an arbitrary value of q, experi- 
mentally investigate the frequency dependences of the 
TPA probability and the magnitude of the LCD in I d s ,  
and, comparing the theoretical and experimental re- 
sults, analyze the relative contributions of the various 
types of transitions involved in TPA. 

2. In the two-band model three-photon transitions a r e  
forbidden in A, B, crystals for circularly polarized light 
in the case when 3Ew = E,.'~' This is due to the impos- 
sibility of changing by more than two units a component 
of the angular momentum of an electron in an interband 
transition in the vicinity of the k = 0 point. If we do not 
restrict  ourselves to the two-band model, and take into 
consideration transitions with intermediate states in 
other bands, then the indicated forbiddenness is, gen- 
erally speaking, lifted. In the three-band model, in 
which, besides the conduction band c and three valence 
subbands vt (i = 1,2,3), the higher-lying conduction band 
F is taken into consideration for A-A-A transitions, 
i.e., in the lowest approximation in the parameter q << 1, 
the expression for the TPA probability has the following 
form:" 

a'(@) W"'(e, a)= W"' (30)- [lal(ec)es+o;ea'l'+'/~laiea(e~+r-e~+z) 1'1. 
a ( 3 4  a 

(1) 
where 

88 Sov. Phys. JETP 47(1), Jan. 1978 0038564617814701 -C088$02.40 O 1678 American Institute of Physics 88 



W"' is the one-photon absorption probability, e is the 
light-polarization vector, u(w) = 2rfie2j/wm2~1f a, j is 
the light intensity in kW/cma-sec, x is the high-fre- 
quency permittivity, and a! assumes the values x,y , z .  

In the case when the laser radiation propagates along 
one of the principal axes ([OOl]) of the crystal and the 
polarization vector of the linearly polarized light is 
parallel to one of the other two axes (1001 o r  [010]), 
the magnitude of the LCD is, according to (11, equal to 

In InAs the F band is 3.9 eV above the top of the va- 
lence band.c41 This is greater by an order of magnitude 
than the quantity E, w 0.35 eV. Therefore, the contribu- 
tion of the transitions in which the F band participates 
should be small. The indicated conclusion can be veri- 
fied by estimating the quantity A from the formula (2). 
The matrix elements P,, P&, and P2 were computed 
within the framework of the k * p  method in the three- 
band model with the use of experimental values for the 
effective masses of the electrons and holes.c51 The 
value thus obtained for A turned out to be -5 x loS for 
the following values of the effective electron and hole 
masses: 

Consequently, the relative contribution of the transi- 
tions with intermediate states in the I? band is indeed 
small, and, in computing the TPA probability, we can 
restrict ourselves to the two-band model. 

The greatest value obtained for A in an experiment 
under conditions that approximately corresponded to the 
TPA edge turned out to be equal to 27. To explain the 
discrepancy between A,,, and A,,,, a s  well a s  the ex- 
tremely critical dependence of A,,, on 3fiw - E,, let us 
take into account the fact that for k # 0 the forbidden 
transitions can play an important role. 

3. Within the framework of the two-band model, be- 
sides A-A-A transitions of the v-c-v-c type (for linear- 
ly polarized light), allowed-forbidden-forbidden (A-F- 
F )  transitions of the type v-v-v-c, v-v-c-c, and v-c-c- 
c ,  which can occur for both linear and circular polar- 
izations of the radiation, also contribute to the TPA, , 

since for A-F-F transitions the excess angular momen- 
tum that ar ises  in the absorption of three circularly po- 
larized photons is transferred to the intraband motion 
of the electrons. As the quantity 3iiw - E ,  increases, 
the role of the A-F-F transitions becomes more impor- 
tant, and the value of A should decrease, since the con- 
tribution to wt3) of the A-F-F transitions near the TPA 
edge i s  proportional to k5 and becomes comparable to 
the contribution from the A 4 4  transitions when there 
is even a small departure from the edge. 

Let us give the results of the calculation of the de- 
pendences W ~ ~ ~ ( t i w )  that takes both the A 4 - A  and the 
A-F-F transitions into account. The calculation was 
carried out in the Kane model with allowance for the 
nonparabolicity. In this case we considered, for sim- 
plicity, the two limiting cases: A>> E, and A = O  (A is 
the magnitude of the spin-orbit splitting of the valence 

band). Since the dependences A(fiw) for the indicated 
cases turned out to be similar, the obtained results a r e  
also applicable when A- E, (in InAs the quantity A 

=0.43 eV). 

For A>> E, o r  A = 0 the energy spectrum of the elec- 
trons and the matrix elements of the interband and in- 
traband optical transitions and, hence, the TPA proba- 
bility can be computed for an arbitrary value of the pa- 
rameter q .  In particular, for A>> E, the expressions 
for w:' and w:) have the following form: 

(4) 
where 

In Fig. 1 we have plotted W,,, a s  a function of the 
quantity x according to the formulas (3) and (4). The 
nonmonotonic nature of the dependence W,(x) in the re- 
gion 1 <x < 1.2 is noteworthy. 

4. The experimental study of the frequency depen- 
dence of w:" and A was accomplished in experiments 
on the photoconductivity associated with three-photon 
excitation. The measurements were carried out on 
samples of n-InAs (n = 1.5 x 1016 cm"). The source of 
the exciting radiation was a Q-switched CO, laser with 
a diffraction grating mounted in i ts  resonant cavity. It 
was then possible to obtain generation a t  four wave- 
lengths: 10.6, 10.2, 9.5, and 9.2 p. Since the intensi- 
ties of the emissions with different frequencies differed 
from each other, we measured a t  each wavelength the 
dependence of the photoconductivity (Au,) on the intensi- 
ty of linearly polarized pumping radiation (Fig. 2). 
Then, with allowance for these dependences, the Au, 
values obtained a t  the various wavelengths were re-  
duced to values for one density, and the curve ~u,(iiw) 
was plotted (Fig. 3). The indicated dependence should 
reflect the behavior of ~y ' ( i iw) .  In Fig. 3 we show, for 

WL . WC FIG. 1. Dependences on the 
ratio x =  3Ew/E, of three- 

,' photon absorption proba- 
bilities computed for InAs 
in the two-band model for 

20 IE 
linear (curve 1) and circu- 
lar (curve 2) polarizations 

0 
of the pumping radiation. 

1.0 L I  7.2 LJ 1.4 r 

89 Sov. Phys. JETP 47(1), Jan. 1978 Arifzhanov et a/. 89 



FIG. 2. Dependences, mea- 
sured in an n-InAs sample 
(n ~ 1 . 6  ~ 1 0 ' ~  cm-3, of three- 
photon photoconductivity on 
the intensity of the linearly 
polarized pump- radiation: 
LA=lO.bp, 0-h= 9 . 5 ~ ~  
.--I= 10.2p, &-A= 9.2~.  
The dashed line corresponds 
to the relation (Abt) - j9.  

comparison with the  experimental  points, the  depen- 
dence w?'(Eu), plotted f o r  two different values of 
E, (300 K)." "*" It can  b e  s e e n  that the  experimental  
dependence is qualitatively s i m i l a r  t o  the theoret ical  
dependence, the  agreement  being be t te r  at E, = 0.350 eV 
(300 K). 

The  smooth variat ion of the  quantity x = 3&/~ , ,  on 
which the T P A  probability depends, could have been 
real ized because of the  variat ion of E, with tempera-  
ture .  But the  variat ion of t empera ture  l eads  a l s o  to  the 
variat ion of a number of o ther  p a r a m e t e r s  that have in- 
fluence on Au, p a r a m e t e r s  l ike the  l i fe t ime T,, the 
mobility, the  d a r k - c a r r i e r  concentration, etc. There-  
fore,  a comparison of the  dependences Ao,(x) and 
W?'(X) is difficult i n  th i s  case .  These p a r a m e t e r s  do 
not e n t e r  into t h e  express ion  f o r  the magnitude of the 
LCD (A is a function of x only) and, thus, the compari-  
son  of A,,, with A,, can  b e  c a r r i e d  out with a mini- 
m u m  number of additional assumptions. 

We measured  the tempera ture  variation of AU,/AU, 

=A,, at two wavelengths (10.6 and 9.5 p )  i n  the range  
298-370 K, and t h e  two dependences were  then con- 
s t ructed as functions of x. F o r  the conversion we used 
t h e  values 

In Fig. 4 we show the  obtained experimental  depen- 
dences A,,(x), together with the  theoret ical  depen- 
dence, which w a s  constructed i n  accordance with the  
fo rmulas  (3) and (4). I t  can  be seen  f r o m  the f igure  that 
t h e  experimental  points obtained at the two different 
wavelengths f a l l  nicely o n  a monotonic curve. A s  p r e -  
dicted by theory, near  the TPA edge, the  quantity A,,, 
f a l l s  off very  sharply with increasing x and then de- 
c r e a s e s  smoothly t o  unity. A s  f o r  the  frequency depen- 
dence  of Au, (Fig. 31, a be t te r  agreement  with theory is 
obtained in the  c a s e  when t h e  values of x a r e  found on 
the b a s i s  of the  data  on  E, given in Ref. 6. But  the  two 
A,,,(x) dependences t u r n  out a l l  the s a m e  to b e  shifted 
toward the  region of lower values of x as compared to 
the  theoret ical  curve  A(x). It should a l s o  b e  noted that  
the behavior of the  experimental  A(x) curve  near  the  
TPA edge is m o r e  c r i t i ca l  than follows f r o m  the  per -  

FIG. 3. Fsequency dependence of the three-photon photocon- 
ductivity in  U s  a t  300 K (curve 1) and the dependence on tiw 
of the TPA probability, wj3), constructed for two values of 
Ed300 K: 0.350 eV (curve 2) and 0.359 eV (curve 3). 

FIG. 4. The dependence A(x); the continuous curve is  a the- 
oretical curve; the points: 0-A(x) for a ~ d B T = 2 . 8  ~ 1 0 ' ~  
eV/deg, x-A(x) for BE,/BT=2.46 eV/deg; Ed= 0.434 eV. 

fo rmed theoret ical  calculation. 

The above-indicated f a c t s  may b e  connected with the 
influence of the  electron-phonon interact ion in the  
course  of the  three-photon transition. 

In  conclusion, let u s  note that  the  investigation of the 
LCD associated with T P A  is a n  ex t remely  convenient 
technique, and it may t u r n  out t o  b e  useful i n  the  analy- 
sis of the  na ture  of three-photon t ransi t ions i n  o ther  
semiconductors. 

"1n the two-band model the constant-energy surfaces for the 
electrons and holes in the straight-band semiconductors 
a re  spherically symmetric, and the angular-momentum com- 
ponent conservation law is  fulfilled in optical transitions. 
The inclusion of the i? band in the three-photon transition 
scheme leads to the explicit allowance for the cubic anisot- 
ropy of the crystalline potential, as  a result of which the se- 
lection rules change. 

 he values of the forbidden-band width, E,, of indium arse- 
ntde (300 K) given in different papers lie in the range 0.31 
-0.36 eV. For the construc,tion of the dependence wi3'(fiw) 
we used the most reliable data obtained from experiments on 
edge absorption and processed with allowance for the nonpara- 
bolic nature of the bands,c63 as  well a s  from experiments on 
m a g n e t o a b s o r p t i ~ n . ~ ~ ~ ~  
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Electromagnetic field absorption in superconducting films. 
Yu. N. Ovchinnikov and A. R. lsaakyan 
L D. Landau Institute of Theoretical Physics. USSR Academy of Sciences 
(Submitted 14 June 1977) 
Zh. Eksp. Teor. Fiz. 74, 178-184 (January 1978) 

The low-frequency dispersion of electromagnetic field absorption, connected with the relaxation of the 
order parameter and the excitation distribution function, is investigated. It is shown that on passage of a 
direct current, a sharp peak of the absorption of the high-frequency field near the threshold frequency 
o = 2A appears at a current density much lower than the critical density. 

PACS numbers: 73.60.Ka, 74.30.Gn 

1. INTRODUCTION 

The energy relaxat ion t ime  7, in  superconductors  is 
large. Therefore,  inelast ic  collisions can usually b e  
neglected in  a n  approximation that  is l inear  i n  the a l t e r -  
nating field. However, at low frequencies ,  such  neglect 
is not always possible  and can lead, in  the  dynamic 
l imit  as w - 0 to a difference f r o m  the  s tat ic  l imit  ob- 
tained at w = 0. In superconducting f i lms ,  in  the  p r e s -  
ence of a d i rec t  current ,  these  two limiting values, f o r  
example fo r  the correct ion to t h e  o r d e r  parameter ,  
differ f r o m  one another  by  a value of A/T close to the 
t ransi t ion t e m p e r a t ~ r e . " ~  A s  will b e  shown below, such  
a difference leads  to  s t rong  d i spers ion  in the absorpt ion 
at frequencies  w - A/TT,. Strong dispersion arises a l s o  
at w7,"l. 

The low-frequency d i spers ion  is connected with p ro-  
c e s s e s  of relaxat ion of the excitation dis t r ibut ion func- 
tion. Energy relaxation is effected i n  f i l m s  only be-  
cause of interact ion of t h e  e lec t rons  with phonons. 

One m o r e  peculiarity arises when c u r r e n t  flows i n  a 
film. I t  is known that  t h e r e  is a kink in t h e  absorpt ion 
at the  frequency w = 2 A. At low tempera tures ,  the  
p resence  of a weak c u r r e n t  j <<j, l eads  to the appear-  
ance  of a s h a r p  maximum in the  absorpt ion at a f r e -  
quency close to 2 A. 

2. DISPERSION OF THE ABSORPTION AT 
LOW FREQUENCIES 

kinetic equations.'z*sl Below, we choose a spec ia l  
gauge, i n  which the  s c a l a r  potential y = 0; the vector  
potential and the  o r d e r  p a r a m e t e r  have the f o r m  

respect ively.  Of the  two dis tr ibut ion functions f and f,, 
only the function f d i f fe rs  f r o m  zero in the  chosen 
gauge: 

where  

In Eq. (I), ghA and F h A  a r e  the s ta t i c  Green's func- 
tions, sat isfying t h e  set of equations 

where  D =vl+,./3 is the  diffusion coefficient. 

T h e  collision integral  I F  is determined by  the  expres-  
sionC21 

ivg' 
I ,P~(~)=-  i6 J - 2 j dQp,[ (g.R-g.A) (g.?-geSA) - (F/-FSA) (F.,'-P.t) I 

We l imi t  ourse lves  below to superconductors  with (3) 

smal l  f r e e  path length I <<v/T,d (d is the  f i lm thickness, where  v=mp/2r2  is the  density of states on  the  F e r m i  

v is the velocity on the  F e r m i  surface) .  We also as- surface.  At thermodynamic equilibrium, the  photon 

sume that the  f i lm thickness  d sa t i s f ies  t h e  condition Green's functions are 
d < t (T) ,  where ((T) is the-correlation length of the D ~ ~ ( w )  =DkA.(o) =-oZ(k)/[d(k) -(0+i6)'], 
superconductor. 

Dk(0) =cth (w/2T) [DrR(w) -DrA(o) 1. 
(4) 

At low frequencies  (w <<A) it is convenient to d e s c r i b e  
the proper t i es  of the  superconductor by m e a n s  of the  We l imi t  ourse lves  below to the  region of t empera-  
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